Abstract This paper has used the Finite-difference Time-domain (FDTD) computer simulation technique to investigate Specific Absorption Rates (SAR) in different human head models with metallic jewellery. A dipole excitation has been placed in front of the nose of 4 anatomical heads including a 5 year old and a 12 year old child's head. Metallic tongue jewellery and orthodontist metallic braces were added to the models and the SAR was investigated over a range of communication frequencies.
Introduction
There has been public and scientific comment that the radiation from mobile devices may affect human health. Recent estimates suggest there are over a billion mobile phones users in the world Advances in technology means that current and future communications are likely to be used in front of the face, like PDAs. Many of the people who use communications enabled devices may also wear metallic jewellery or have metallic objects in close proximity to their head. In previous works, the authors [1, 2] have found that metallic spectacles can significantly increase the SAR in the eyes and head. Please see [1] [2] [3] for a more complete literature review of bioelectromagnetics and the effects of metallic objects on SAR. Generally, previous research has typically used either a homogenous head or one heterogeneous head to investigate the SAR levels from mobile devices. However, every human has a different shape and size as well as different internal properties. Therefore, using a selection of anatomically realistic heads allows us to make more general conclusions. Comparison of the different digital human head models shows that the identification of different tissues from the MRI data varies considerably between different laboratories. This highlights the importance of using more than one head model to assess radio frequency radiation levels inside a head by extrapolation from illuminating fields. Since possible effects from SAR are likely to be strongly linked to the mass of the absorbing body, it is also interesting to consider the SAR in a child's head. This paper considers the effect of tongue piercings and orthodontist braces on the SAR in the head.
Description of model
An independent 3D FDTD code [1, 2] has been written. Perfectly Matched Layers (PML) absorbing boundary conditions are used to terminate the grid. The PML is eight cells thick and is positioned at least twelve cells from the head. The frequency range considered in this paper is 0.5 to 4.6GHz. The Yee cell size used throughout this paper is 2mm. The lowest number of cells per wavelength was always greater than four which provides reasonable results [3] . Note, that this is less important in this paper, as the jewellery considered only has an effect at lower frequencies where the sampling is much greater than four cells per wavelength. Both horizontally (Y axis) and vertically (Z axis) alligned dipole models have been used in this paper. The centre of the dipole is positioned 80mm (along the X axis) in front of the tip of the nose of each head and is fed with a sinusoidal CW source. The tangential E-field components are set to zero along the length of the dipole [1] . All results in this paper are normalised to 1W input power and the frequency of excitation is varied. The length of the dipole changed with frequency. The metallic objects were modelled using metallic Yee cells, by setting the conductivity of the cells equal to the conductivity of copper [1] . The authors have previously shown that the choice of metal has negligible effect on SAR values. The SAR is calculated with the twelve-field approach [1] . The objects investigated in this paper were 2mm thick (1 Yee cell).
Four different anatomically accurate head models have been used in this paper. The Brooks head is an adult male head matrix provided by Brooks Air Force (http://www.brooks.af.mil/) [1] . The head is based on The Visible Human Project and has 25 tissue types. The Bradford head is an adult male with 15 different tissues [4] . The two child head models were provided by Réseau National de Recherches en Télécommunications ((http://www.tsi.enst.fr/adonis/). The 5 year old child's head contains 11 tissues while the 12 year old child's head contains 14 tissues. The heads have a 2mm resolution. The 4 head models are shown in Figure 1 along with the geometry of the dipoles and metallic jewellery. The densities and dielectric properties of the tissues in the Brooks head at 1800MHz are shown in [2] . 
Results
With a dipole in front of the nose, the maximum 1g SAR generally occurs at the tip of the nose. It was found that the metallic objects that were orientated perpendicular to the dipole had negligible effect over the entire frequency range considered. Therefore, the tongue piercings was excited with a Z directed dipole, see Metallic orthodontist braces were added to four anatomical heads; see Figure 1 (a). The braces consisted of two lines of metallic Yee cells that followed the front of both the top and bottom rows of teeth in a horse-shoe shape. Note, only the Brooks head had the teeth identified as a specific tissue. For the other heads, the braces followed the line of bone tissue in the mouth that represented the teeth. It was hypothesized that the metallic plates that are commonly added to braces could form an antenna array inside the mouth. This was investigated by adding an array of metallic plates 6mm high and 4mm wide every 10mm along the line of the braces. However, it was found that with both orientations of dipole, the braces consisting of 2 lines of Yee cells and the arrays of metallic plates had negligible difference to the braces modelled just by a line of metallic Yee cells. Therefore, the results in Figure 3 and Figure 4 are with the braces made out of two horse-shoe shaped lines of metallic Yee cells in two XZ horizontal planes and do not include metallic plates.
The results in Figure 3 show the effect of braces on the 10g SAR in four different anatomical heads as a function of frequency. Note, that adding the braces to the heads had negligible effect from 3GHz to 4.6GHz and therefore the results have not been included to allow the effect of the braces to be more clearly seen in the figure. The metallic braces generally increase the 10g SAR in the different heads between 0.8 and 1.7GHz. The largest effect was found with the Brooks head at 0.9GHz, where braces increased the 10g SAR by 1.7 times (and the 1g SAR by 2.2 times). Braces increased the 10g SAR (and 1g SAR) at approximately 1.1GHz by 1.5 times in the Bradford and 12 year old heads. The power absorbed in the whole head was increased by up to 10%. The metallic braces had effects at slightly different frequencies in the different models. This was due the length of the braces and the surrounding tissues in the four heads. Comparison of Figure 2 and Figure 3 shows that a Z directed dipole produced larger 10g SAR, values at all frequencies considered, than the same head excited with a Y directed dipole. This was still the case when the braces were added to the heads with a Y directed dipole. Although, braces increased the SAR, the effects were less than changing the orientation of the source.
The average SAR in the eyes of the different heads was also considered, with and without metallic orthodontist braces, and the results are shown in Figure 4 . The eyes are mainly homogeneous spherical structures that can resonate [1, 2] at different frequencies. All the head models have closed eyelids. Closed eyelids can increase the SAR in the eyes as the layers of skin and fat act as a matching layer between the air and the eye [2] . The Bradford eye included humor, lens and sclera tissues. The Brooks eye included humor, lens, sclera and cornea. The eyes in the child head models only consisted of one tissue. The figure shows that the eyes in both the Brooks head and the 5 year old head resonate around 1.9GHz, while the eyes in the Bradford and 12 year old head have the highest SAR at lower frequencies. The metallic braces had negligible effect in the eyes between 1.8 and 3GHz as shown in Figure 4 . This was also the case between 3 and 4.6GHz. However, between 0.5 and 1.8GHz, the metallic braces could increase and decrease the average SAR in the eyes. The size of the eyes affected the sensitivity of the average SAR. The 5 year old child had the smallest eyes and the braces increased the average SAR in the eyes by over 1.7 times at 0.8GHz. The average SAR in the Bradford head was increased by 1.4 times at 0.7GHz. The Brooks model and the 12 year old child's head have the largest eyes and the braces increased the SAR in these models by 1.2 times at 0.7GHz. 
